brains of dogs and rats, but in these studies there was no precise localization of the injection site, and the disappearance rates were followed for periods of only 10 to 15 minutes. We decided to extend and elaborate the tissue isotope clearance technique for the determination of regional blood flow in the brain by applying the Horsley-Clarke stereotaxic instrument for the more precise localization of the injection, by extending the period of measurement to 80 minutes, and by applying certain indicated corrections to the data. The results of our studies indicate that with proper precautions this method may be used to estimate changes in blood flow through the brain.
METHODS
In these experiments a small, measured volume of saline containing an appropriate radioisotope was injected into specific, localized areas of the brains of animals using a Horsley-Clarke stereotaxic instrument as described below. The amount of isotope remaining at the injection site was determined by use of Geiger counting tubes and auxiliary equipment.
All studies were carried out on mature cats of both sexes, weighing between five and fourteen pounds; these animals were all in good health but were not otherwise selected. The animals were for the duration of the experiment maintained in the surgical plane of anesthesia with Nembutal (pentobarbitol sodium); 60 milligrams per five pounds of body weight were injected intraperitoneally, with a subcutaneous sustaining dose equivalent to one-half the initial amount.
Surgery consisted of two parts. In the first, a cephalad-directed cannula was inserted in one carotid artery to provide maximal concentrations of the infused material in the brain with minimal concentrations elsewhere. Blood pressures were recorded from this same cannula. Ligation of a single carotid artery imposes no serious disability upon the cerebral circulation of the cat. "6 In the second phase, the skull was exposed and carefully trephined over the proposed site of injection as determined by means of the stereotaxic instrument.* The injection was made with a 1 ml. tuberculin syringe clamped in the electrode holder. A 26-gauge 1 2-inch needle proved long enough to reach any part of the cat's brain. After each injection the needle was withdrawn, the surface area sponged to remove accidental isotope contamination, and the trephined hole was filled with bone wax.
The amount of the radioactive material remaining at the site of injection was followed by means of a Geiger-Muller tube placed about one inch above the skull. A layer of aluminum foil was placed over the window in order to minimize the danger of contamination.
To provide an approximation of the progressively increasing background count in the area of the injection due to recirculation of the isotope,' a second G-M tube was Regional cerebral blood flow K was connected to a scaler unit; these in turn were connected to chronograph pens, thus providing a continuous record of the counting rates.
The isotope used in all cases was 181 or Nan; both of these ions have been shown to be cleared in an identical fashion from the various tissues."6 8 In the conditions of these experiments, approximately 50 microcuries provided a counting rate which was below the level that requires application of a coincidence correction (about 15,000 counts/min. with the equipment being utilized) and yet was high enough to maintain a level above 1,000 counts/min. (a level at which the plotted points began to scatter widely).
The r6le played by the volume injected is as yet unknown, but indications are that it may be an important one.'0 In the present studies this volume never exceeded 0.5 ml., the average volume being 0.25 ml. Dissolved agents were infused intra-arterially at a constant rate of 1 ml./min. by means of a simple mercury-driven syringe system. Gases were administrated by tracheal intubation, using a Tygon airway fitted with an inflated cuff to prevent leakage. The respiratory system was designed with minimum dead air space and provided with a spirometer for concurrent measurements of minute volume.
Electroencephalograms were made of a number of the animals during infusion. The recorded potentials, obtained from electrodes placed over the frontal and the lateral occipital areas of the skull, indicated that each agent manifested a definite effect upon the over-all electrical activity of the brain.
RESULTS
A series of 64 injections of radioactive iodine in the form of iodide was made directly into the internal capsule of the brains of 27 cats. In each case the semi-logarithmic plot of the disappearance curve showed several deviations from a purely exponential character. There was a rapid decrease in the amount of iodine remaining at the injection site during the first 15 to 20 minutes, followed by a somewhat slower and, for the most part, relatively linear disappearance over the ensuing 60 to 80 minutes. The slope of this line can be expressed in terms of per cent per minute removal. The data from all the experiments are combined in Table 1 . The mean value for all determinations was 1.14% per minute (mean half time = 73.4 min.). Since the rate of removal of I131 from muscles is approximately 5% per minute,10 while blood flow through the brain as a whole is known to be greater than the blood flow through muscle, this discrepancy clearly limits the usefulness of clearance as an absolute measure of cerebral blood flow. This low disappearance rate might be explained if local binding of the isotope occurred by interaction of the iodide with some component of the brain. This possibility was ruled out in a small series of experiments using Na22, which gave disappearance rates on the whole comparable with those obtained with I131. Since it is unlikely that Na ion reacts with any component of brain tissue, "binding" cannot explain the low disappearance rate. The fact that in most cases a uniform, constant disappearance rate could be obtained after the 15th minute suggested the possibility that each animal might serve as his own control. To show that simple manipulation of the animal would not alter the measured disappearance rate, in a small series of animals the disappearance rate was determined before and during the intracarotid infusion of 0.9%o sodium chloride. Figure 1 is an example of the results in one of these saline infusion experiments. There was no detectable change in the rate of disappearance with the onset of the saline infusion. It thus becomes possible to compare the disappearance rate during the period of infusion with the control or pre-infusion rate to measure the effect of any infusable agent on the clearance from any accessible region in the brain.
In a small series of 19 experiments, histamine* in concentrations of 0.25 to 2.5 micrograms per minute per kilogram of animal was infused into the carotid artery. In most of these cases there was a diminished clearance of iodine from the internal capsule. Blood pressures, as measured by the con- Table 2 . If the diminished clearance reflects a diminished -blood flow, then these data suggest that histamine is in fact a constrictor in the blood vessels in the area of the internal capsule.
In another series of experiments, Hydergine®* was infused in exactly the same way as histamine was used. The dosage varied from 0.025 to 0.50 micrograms per kilogram per minute. The data obtained in these experiments are likewise included in Table 2 . The increase in clearance observed in most of the Hydergine infusions is consistent with the information which we have concerning the effects of this agent on blood flow through the brain as a whole. Characteristic electroencephalographic changes could be correlated with the infusion of either histamine or Hydergine. Histamine infusion collsistently increased the sleep pattern in the record, while Hydergine infusion had the opposite effect. Alternate infusion of the two drugs resulted in corresponding alteration in the EEG tracings. The electrical activity changes could not be localized, however, but were manifested as an over-all phenomenon. The direction of the EEG changes suggests at least a parallel to the effects of the drugs on tissue clearance and the EEG records are thus taken as evidence to support the argument that blood flow changes are responsible for the changes in clearance.
DISCUSSION
The data presented suggest that Kety's tissue clearance technique may be extended to provide a clearer understanding of the regional cerebral circulation. In the special case of the brain, clearance of locally injected materials may not be entirely via the cerebral circulation. Other factors, such as the movement of the cerebrospinal fluid, must be taken into consideration; however, all available evidence would indicate that only blood flow could be altered with sufficient rapidity to account for the changes in clearance noted. Thus the circulatory system is probably the primary pathway for the removal of the isotope from the site of injection.
The discrepancy between the relative blood flow rates in muscle and brain compared to the clearance rates in these two tissues requires comlment. Clearance will be determined to a marked degree by the relationship between the injected material and the capillaries and small blood vessels in the injected tissue. Kety originally assumed that the injected material was distributed in such a way as to cause minimal changes in local vascular * Hydergine®) is a mixture of hydrogenated ergot alkaloids containing the methanesulfonates of dihydroergocorniine, dihydroergocristine and dihydroergocryptine.
arrangements. It may be that in the brain, a tissue with a high lipid content, the injected aqueous material becomes pocketed in such a way that clearance is delayed. Ketyl0 suggests that the shape taken by such a bleb of injected tracer may significantly alter the rapidity of isotope removal: thus, an ameboid deposit, because of its greater surface, would be more rapidly removed than would be comparable spherical bleb. Still another explanation for the relatively low clearance rates would be the binding of the isotope at the injection site. That this explanation is not likely is indicated by the similarity of results of the studies with cations, Na22, and anions, F131.
It is difficult to relate our results with histamine to the earlier reports in the literature. Some previous studies have indicated that histamine dilates cerebral vessels4 19; others showed that total cerebral blood flow might be increased, decreased, or unaltered after administration of this compound. However, in view of the profound effects on the blood pressure which occasionally occurred in the later experiments, the actual changes in cerebral vascular resistance are not clear. The present studies indicate that histamine causes diminished perfusion of the internal capsule; since the simultaneously determined blood pressures were only moderately depressed, we would believe that these data suggest vasoconstriction, rather than dilation as previously reported.
The electroencephalographic investigations showed that histamine produced a deepening of narcosis. This was evidenced by the accentuation of the sleep pattern recorded by the EEG. As the concentration of histamine was increased, the EEG manifestations of narcosis also increased. These results suggest that histamine potentiates the anesthetic. This might be explained on the basis that histamine is a vasoconstrictor. It is interesting to note that the altered electrical activity was obtained from all portions of the brain studied and was not limited to a specific focus.
The results obtained with Hydergine were in accord with recent reports of its action upon the vasomotor center and the blockade of sympathetic vasoconstriction in other regions."5 In all cases where the clearance rate was changed, the change was in the direction of an increase. The interesting characteristics of the action of Hydergine were: (i) a latency between the infusion of the drug and the onset of an altered clearance rate, and (ii) a rhythmic fluctuation in the clearance pattern. The latency may reflect the time required for the drug to reach and maintain a specific concentration at its site of action before a response is elicited; or perhaps, it may be the time required for the drug to reach and penetrate certain receptor cells. The rhythmic fluctuations may be explained as a dynamic oscillation between the inherent constrictor tone of the blood vessels and the dilating tendencies of the drug.
The influence of Hydergine upon the electrical activity of the brain was quite the reverse of that seen with histamine. The EEG tracings suggested a decreased narcosis. To eliminate the possibility of other factors bringing about these electrical changes in response to histamine and Hydergine, carefully controlled experiments were performed in which the two drugs were infused alternately at twenty-minute intervals into the same animal over a period of at least one hour. In all cases the EEG tracings revealed a deepening narcosis during histamine infusion, the opposite effect with Hydergine.
SUMMARY AND CONCLUSIONS
We have described an application of a modified Kety tissue clearance technique which makes it possible to detect changes in the circulation through localized regions of the brain. Using this technique we have shown that infusion of histamine diphosphate into the carotid artery causes a diminished clearance from the internal capsule, while similar infusion of Hydergine causes an increase in clearance.
That these changes in clearance may be related to altered blood flow is further suggested by simultaneous changes in the EEG patterns.
